Introduction
Sustained in vivo stem cell transplantation represents a major clinical step forward in the management of patients with congenital, hematological, metabolic and immunological disorders (Troeger et al., 2006) . Large animal non-injury models enable investigating the feasibility and outcome of purified multilineage stem cell transplantation in parallel with optimizing the recipient's microenvironment, increasing engraftment (Gammaitoni et al., 2003; Westgren, 2006; Troeger et al., 2006) . The sheep/human xenogeneic in utero transplantation performed in pregnant ewes at a pre-immune fetal age up to 70 days after fertilization is a promising method for evaluating the engraftment potential of human fetal HSC in vivo (Almeida-Porada et al., 2004; Westgren, 2006) . HSC from human cord-blood were injected into the fetal peritoneal cavity in early gestation at 57-67 days. This procedure allows successful HSC engraftment, survival and efficient distribution throughout the body of the fetus. Recently, a novel successful route of human HSC engraftment, employing transplantation of HSC into the celomic cavity of pregnant ewes early in gestation (40-46 days), has been described (Noia et al., 2003) .
Our present work aimed to further investigate the engraftment and ultimate fate of human cord blood-selected HSC, after transplantation into the celomic cavity of pregnant ewes at 45-46 daygestation. At variance with these previous studies, where human CD34 + HSC were transplanted to ewes, in the present work we tested cord blood-selected CD133 + HSC because of their high content of more primitive multipotent progenitor cells. Molecular methods were used to confirm whether this model is feasible for generating long-term chimerisms in fetuses and lambs born from these ewes.
Results
The fate of the engraftment CD133 + HSC were injected into the celomic cavity of 19 ewes 45-46 days gestation age (Group A). As control, five ewes were injected with saline solution (Group B). Of the 19 sheep in Group A, 13 underwent miscarriage and 6 delivered a total of 11 lambs, including 3 twins and 1 set of triplets. Among the 5 sheep in Group B, one underwent miscarriage after injection with saline solution.
Molecular analyses were performed on either autoptic or bioptic material obtained from 3 spontaneously aborted fetuses, 11 lambs at 2-month post-natal ages and 5 lambs at 12 months after birth.
Analysis of the engraftment

PCR
To obtain clear demonstration of the presence of human DNA sequences within fetuses and lambs, and confirm donor DNA identification, the presence of human HLA-DQα1 and of the 6 human STR was investigated in various fetal (skin, spleen, lung, liver, heart and eye) and lamb tissues (bone marrow, liver, skin) 2 months and 1 year after birth.
Human DNA sequences were detected in all Group A animals (fetuses, 2-month old lambs) but not in lambs after 1 year. All Group B animals were negative.
The representative example shown in Fig. 1A illustrates the results of PCR reactions for human HLA-DQα1 in tissues analyzed in one fetus and in three 2-month old post-natal lambs transplanted with HSC. By PCR, all these tissues were positive, particularly the skin and liver. In lambs, HLA-DQ α1 was poorly detected in bone marrow (Fig. 1B) . (D) Detection of D13S317 in liver and skin samples of 2-month old lambs, before and after microdissection. The peak (arrow) was identical in the 2 twins (217112 and 217108; see Table 3 ).
The 6 human STR were detected in all the fetal tissues analyzed. Unlike findings for the post-natal animals, in the 3 aborted fetuses, STR were detected in almost every assayed organ injected with HSC (Table 2) . In some cases, (see Fig. 1B , which reports the results of one fetus (787655/f) taken as an example), tissues analyzed by double PCR using the same primers, provided evidence of allele segregation, at 256 and 264 bp respectively (arrows indicate allele sizes in donor DNA) of the heterozygous STR D13S317. The presence of each allele was randomly distributed among the fetal tissues analyzed. Loss of heterozygosity shown in different tissues of the same fetus using the same couple of primers, was confirmed by nested PCR performed using the same DNA but with external primers in the 2 amplification steps (Fig. 1 B,C) followed by sequencing.
In contrast, none of STR was consistently detected in the 2-month old lambs: positivity appeared only in a few organs of the same animal, with random distribution. (Table 2 ). Although the efficiency of STR amplification was not identical for all STR, detection of STR in the liver was better than in other organs (compare L columns in Table 2 ). CD133 + HSC were transplanted in only one fetus per mother: however human DNA was found in B C D A in fetal and 2-months old lamb tissues (Table 3 and Fig. 2 , compare C,D,E). Comparison of 3 different sequences in chromosome 8 showed no CEP 8, while positive signals for LPL (8p22) and c-myc (8q24) were detected in most tissues analyzed (Table  3) . Fluorescent signals were confined to specific areas: in fetal skin for example, restricted mostly to the basal layer of hair bulbs ( Fig. 2D see arrows) . Additionally, in all tissues we found capillaries with strong positive signals in the nucleus of a few endothelial cells (Fig. 2E) . Interestingly, only a few capillaries within groups hybridized with the human fluorescent probe ( Fig. 2E see inset) . Although in both cases the proportion of positive cells detected by DC-FISH and M-FISH was low, by DC-FISH pan-centromeric and pan-telomeric signals were generally stronger and more cells were positive than those counted by M-FISH, being significantly higher in the 3 fetuses (0.5-1.0% out of 500 cells counted in 5 different sections of the same sample) than in the 2-month old lambs (<0.01%) analyzed (not shown).
Immunological staining
Immunological staining of anti-human HLA-DQα1 antibodies on different Group A fetal tissue samples frequently revealed positivity, particularly in capillaries. Positive staining was seen in capillaries grouped in the same small areas of tissue (for example the corneal limbus in the eye), near other negative capillaries (Fig.  2F , see asterisk), demonstrating viable human cells within host tissues, capable of expressing their own genome. A faint immunostaining signal was detected in liver bile ducts and skin hair bulbs (not shown).
Enhanced signal detection after microdissection
The presence of such a small number of human positive cell nuclei suggested that probably many of the STR-negative samples in lamb tissues could find positive if enriched in specific positive cells. Fig. 1D shows as a representative example the electropherograms of double PCR for STR D13S317 in liver and skin samples of two 2-months lambs (respectively 217112 and 217108).
all the lambs investigated, including twins and triplets born from the same mother (Table 2 ). This evidence demonstrates effective engraftment of cells containing human DNA among siblings.
One year after injection, human DNA was never detected in any organs or tissue of the lambs (not shown).
FISH
In order to evaluate the presence of multiple human chromosomes in single cell nuclei, we performed M-FISH on tissues that by PCR were concomitantly positive for HLA-DQα1 and at least 2 human microsatellites. Eight DNA probes were employed: 1 pan-centromeric and 1 pan-telomeric mapping on all human chromosomes, 6 mapping on locus-specific sequences of different chromosomes (Table 3 and Fig. 2 A-E). In most tissues analysed, pan-centromeric and pan-telomeric probes hybridized within the same nuclei, by DC-FISH analysis (Fig. 2B see arrows) . M-FISH demonstrated positive for cosmidic or alphoid sequences, 
Discussion
The results of our present work show that CD133 + HSC transplanted to ewes into the celomic cavity of 45-46 days gestation ultimately gave rise to: 1) high rate of spontaneous abortion (13 out of 19 in group A and 1 out of 5 in group B); 2) a low level of HSC engraftment in different target tissues; 3) short-lived human/sheep chimerism easily detected in fetus, but rapidly decreasing at 2 months after birth, with loss of any positive human cells after 12 months; 4) possibility of rare and unstable heterokaryon formation detected in different host tissues.
These results raise several interesting points: 1) The high rate of abortion and the too low level of engraftment agree with results of other groups using sheep/human xenogeneic in utero transplantation methods (Young et al., 2003; Schoeberlein et al., 2004; Oppenheim et al., 2001 ) but in contrast with other reports documenting higher engraftment levels in sheep (Zanjani et al., 1992; Noia et al., 2003; Gammaitoni et al., 2003) . One plausible explanation is that this route of injection is less efficient than in utero transplantation because different HSC, particularly if isolated from different donors and if injected too early to ewes, may not be equally feasible.
2) Little is known about the fate of HSC in the model of xenotransplantation. In fetuses born from transplanted sheep we found evidence of a small but constant presence of chimeric human cells in almost all organs examined; but human DNA detection rapidly decreased post-natally and no evidence was found in lambs 1 year after birth. HLA-DQα1 was found expressed with higher frequency in endothelial cells and less in other target tissues, particularly in bile ducts in the liver, in the eye, skin and hair follicles. These areas
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are known to contain multipotent stem/progenitor cells in vivo (Verfaillie et al., 2000; Spradling et al., 2001) . These findings suggest that after transplantation, multipotent HSC migrated to the fetus, renewing themselves and probably a small number of their progeny underwent differentiation in different organs where cellcell interactions and soluble growth factors in an appropriate microenvironment contributed to influenceing self maintenance or differentiation (Navarrete et al., 2000) . Migration of CD133 + HSC from the celomic cavity to the fetus at a pre-immune fetal age might induce immunological tolerance. However, HLA class II antigen expression during development could enhance the host immune response against the fetus, reducing the chimerism and ultimately inducing abortion.
3) The incomplete representation of human specific DNA traits detected in lambs after birth as compared to fetuses depended largely on the number of HSC, reflecting different sensitivities for detecting HLA-DQα1 and the STR. Varying proportions of human and sheep cells, found by comparing different tissues from both fetuses and lambs, might contribute to affecting human DNA detection: however, this problem could often be by-passed with laser microdissection that helped to enrich the relative number of human DNA positive cells locally concentrated in special structures.
4) By FISH, using fluorescent pan-centromeric and pan-telomeric DNA probes, but in some cases also individual alphoid, cosmidic or telomeric DNA probes, multiple positive signals could be detected exclusively in the nucleus of cells. These findings strongly suggest that intact HSC continued to be present, during development both in fetus and post-natal lamb. In contrast we also found rare evidence of exclusion of some gene markers and rare but clear evidence of allelic segregation for some heterozygous STR, in different tissues of the same animal during development, supporting the possibility of partial human DNA engraftment in a small number of endogenous cells leading to unstable heterokaryons formation. When and where DNA loss events might have occurred after human HSC injection into the celomic cavity is unknown. Since we found this evidence early in fetuses, we assume that the events originated after compatible contacts between cells of the 2 species at a very early phase following transplantation. In this case we cannot exclude the possibility of events of cell fusion between host and sheep cells.
It must be stressed that the different molecular methods do not ensure to detect a complete integrity of all chromosomes in all loci, nor they exclude events of transfer of partial DNA fragments from donor to host cells. Microchimerism with clear evidence of hybrid cell formation, resulting in reprogramming of the new cell phenotype with repair and resumption of injured tissues have been recently observed in several different models of xeno-transplantation (Weimann et al., 2003; Kashofer et al., 2006; Revoltella et al., 2008) .
These findings support the possibility that cell fusion and cell plasticity may not be mutually exclusive mechanisms of generating chimerism after engraftment, but may represent different modes of adaptation to the host environment.
Materials and Methods
Human cord blood-selected CD133 + HSC
Umbilical cord blood was obtained from 6 different informed consenting donors (Bone Marrow Transplantation Unit, Careggi Hospital, Florence). Cord blood-selected CD133 + HSC were obtained using CD133 + Cell Isolation Kit (Miltenyi Biotec GmbH, Gladbach, Germany) , following the manufacturer's procedure. The efficiency of purification of CD133 + HSC ranged from 90% to 94%.
Sheep recipients
Twenty-four pregnant ewes (Ovis Aries comisana, Center for Animal Breeding and Use of the Catholic University of Rome, Italy) were employed, treated according to protocols approved by the Institutional Review Board of the University of Rome. Transplantation into the celomic cavity was performed on 19 ewes (Group A), as previously described (Noia et al., 2003) . Only one fetus of the 2 or 3 siblings of each pregnant sheep was injected with 270,000-647,000 CD133 + HSC. Each ewe was injected with HSC from an individual cord blood. Five control ewes received saline solution alone using the same route of injection (Group B).
Analysis of the engraftment
PCR
Genomic DNA was extracted from frozen bioptic tissues (for post-natal lambs) or from paraffin embedded sample preparations (for aborted fetuses) according to the manufacturer's protocol (QIAamp DNA Mini Kit, Qiagen GmbH, Hilden, Germany) and analyzed by polymerase chain reaction (PCR) for the presence of human HLA-DQα1, as marker for human DNA, using the forward (5'-GTG CTG CAG GTG TAA ACT TGT ACC AGT TGT-3') and reverse (5'-CAC GGA TCC GGT AGC AGC GGT AGA AGT TG-3') primers, as described (Almeida-Porada et al., 2002) with only minor modifications (Revoltella et al., 2008) using Taq Platinum (Invitrogen, Merelbeke, Belgium), following the manufacturer's protocols. Usually 1-2 µg of sheep genomic DNA (both Group A and Group B animals) were used in the assay with only one amplification step of 40 PCR cycles. Single positive expected 242 bp PCR bands were sequenced (Big Dye, Terminator V 2.0 Cycle Sequencing Ready Reaction Kit, Applied Biosystem, Foster City, CA, USA) to confirm the human HLA-DQα1 DNA sequence. DNA was also tested for inherited DNA polymorphisms by the presence of 6 microsatellites (short tandem repeats, STR, from CODIS, a method largely employed for paternity testing and noninvasive prenatal diagnostic applications (Ricci et al., 2000; Cha et al., 2005) ), for HSC traceability and for excluding sample or operational contaminations.
To establish the sensitivity of the PCR amplification method on sheep samples, standard curves of dilution limit were run for human DNA from cord blood mononuclear cells (MNC) diluted with untreated sheep liver genomic DNA, up to a total of 1 µg DNA. With only one amplification step of 40 PCR cycles, 1 pg of human MNC DNA could be detected in 1 µg of total human plus sheep DNA.
DNA was also tested for the presence of 6 human STR (D13S317, vWA, FGA, D8S1179, D18S51, D21S11. STR detection was performed as a double PCR, using the same couple of primers (see Table 1 ). To further confirm the presence of the STR observed and exclude contaminations, we performed for three STR (D18S51, D21S11 D13S317) a nested PCR with different external primers as reported in Table 1 . Each PCR was performed in duplicate. All forward primers were labeled with 6-FAM fluorochrome. Positive fluorescent bands of the expected length recovered after gel electrophoresis were confirmed by sequencing. STR demonstrated a different sensitivity. STR amplified once showed a range of sensitivity varying from 0.1 pg (D8S1179) to 10 pg (D13S317) of human DNA plus 1 µg of sheep DNA. Double step PCR, using the same primers, improved sensitivity at 4 th order of magnitude (10 4 ).
FISH
Chromosomic DNA integrity was evaluated by fluorescent in situ hybridization (FISH) analysis, looking for 8 different genes present in different human chromosomes.
Formalin fixed, paraffin embedded tissue from biopsies and proved by PCR to contain the HLA-DQα1 gene, were subjected to single-color or dual-color FISH analysis (DC-FISH Cambio, Cambridge, United Kingdom) and multi-color FISH analysis (M-FISH Vysis, ABBOTT Laboratories, Abbott Park, Illinois, USA). Eight DNA probes were employed. For DC-FISH, 1 pan-centromeric and 1 pan-telomeric probe, each mapping on all human chromosomes, were labeled with 2 different fluorescent colors. For M-FISH, 3 probes, differently labeled and mapping on different chromosomes, and 3 probes mapping on chromosome 8, were used (Table 2) . M-FISH with Vysis probes was performed as described (Sato et al., 1999) . DC-FISH analysis, with Cambio probes, was performed according to the manufacturer's instructions as reported in www.cambio.co.uk. In some cases even though negative by PCR, samples revealed FISH positive small cell aggregates, in restricted areas, for the specific DNA probe investigated. DNA was then prepared after careful laser microdissection of these positive areas (usually 200-400 cells) (Okuduco et al., 2005) , and tested again by PCR, to verify primitive negative or confirm poorly positive evidence. Chimerism was accepted when samples were positive for HLA-DQα1, three STR and FISH.
HLA-DQα1 immunological staining
Sections from paraffin embedded blocks were processed for immunoperoxidase staining to detect HLA-DQα1 with the monoclonal antibody anti-human HLA-DP, DQ, DR antigen (clone CR3/43, DAKO-Cytomation Glostrup, Denmark), performed following manufacturer's instructions.
